During the last few years the photovoltaic energy market has seen an outstanding growth. According to the new Directive on renewable energies of the European Commission (2009/28/EC), the European Union should reach a 20% share of the total energy consumption from renewable sources by 2020. The national overall targets impose for Italy a 17% renewable share: in case of failure the gap would be filled by importation of renewable energy from non-UE countries. The abitious national targets and thus the continuously increasing interest on renewable fuels, require simple but reliable methods for the energy potential assessment over large-scale territories. Considering roof-top integrated PV systems, the assessment of the PV energy potential passes through the evaluation of the roof surface area available for installations. In the present paper a methodology for estimating the PV solar energy potential is presented, together with its application to Piedmont Region (North-Western Italy). The roof area suitable for solar applications, is calculated through the analysis of available GIS data. The solar radiation maps are taken from the database of the Joint Research Centre of the European Commission. Different solar energy exploitation scenarios are proposed with the relative perspective results and confidence interval. Further developments and applications of the presented methodology are finally discussed.
Introduction
The interest on renewable energies is growing day by day, as fossil fuels become always more expensive and difficult to find. Furthermore, the latest environmental disasters caused by the oil drilling and transportation, have further focused the attention of the entire world on the risks connected to fossil fuels. In the last April 2010, the explosion and sinking of the Deepwater Horizon oil rig in the Gulf of Mexico, and the start of the subsequent massive oil leak, is a clear example. During the last years, many attempts have been made to contain and control the scale of the environmental disasters, but the common sensation that fossil resources are "rapidly" going towards the end is widespreading. One of the most interesting, among the "green resources", is the solar energy. The employment of the solar radiations has a wide range of applications, nevertheless the interest of solar engineering is mainly focused on thermal processes and photovoltaic applications. Particularly, taking into account the photovoltaic solar energy conversion, the building-integrated PV systems (BIPV) hold an important slice of the energy market (besides other common applications, i.e. PV farms). Integrated systems should be in general preferred to massive installations, for a rational use of the natural resources. In Italy, the continuous and uncontrolled installation of PV farms over the territory (highly profitable due to the economic incentives (Conto Energia 2010, [1] )), is indeed jeopardizing the natural landscape and occupying more and more agricultural terrains. The increasing rate of these installations and the subsequent consequences are drawing the attention of the public opinion and are cause of alarm. In Italy, the large exploitation of the solar energy is at the beginning and actually there exist no regulation of the PV installations. The number of installations in Piedmont is growing insomuch as in July (2010) the Regional Council has approved a draft law to regulate the land use and to accommodate photovoltaic systems on the ground (Regional Council of Piedmont website [2] ). This moratorium against the photovoltaic disfiguring, has been thought to either regulate the installations and promote the BIPV systems. The energy policy of the actual administration indeed foresees to motivate the installations on buildings or anyhow on already compromised marginal areas. The incentive to the large scale utilization of building integrated modules however supposes the knowledge of the technical and economic territorial potential. Several works have been carried out on building integrated PV system installations (Castro et al. [3] , Sorensen [4] ), but generally the available roof surface area is assumed to be an input. Furthermore, the detail of the available surface for PV installations is the built-up area, evaluated through maps of the land use (i.e. Corine Land Cover, of the European Environment Agency (EEA website [5] )). This lack of methodology for the assessment of the available roof surface area, has been partially filled by some recent papers. A first scalable methodology for the roof surface assessment based on crossedprocessing and sampling of various GIS data has been proposed together with its application to Spain in 2008 (Izquierdo et al. [6] ). Very recent papers discuss similar methodologies and their relative applications to different geographical regions (Kabir et al. [7] , Wiginton et al. [8] ). The increasing literature on the topic reveals the growth of interest for the widespread exploitation of the solar power by means of building-integrated systems. In Italy, in 2009, the total electrical energy consumption has been of about 320 TWh ( [9] , [10] ), on the other hand the total production has been of about 275 TWh, corresponding to a 14% deficit ca. The paucity of the production has been balanced through importation from abroad. The Piedmont Region in 2009 has seen a production of 24.5 TWh ca. against a demand of 26 TWh ca. (deficit of 6% ca.). Considering only the photovoltaic production, Piedmont produced 50.2 GWh, corresponding to 7.5% ca. of the total photovoltaic production in Italy. The energy production is subdivided on different module technologies and different kind of installations/integration 1 (Fig. 1(a) , 1(b)). It is important to notice that in Piedmont, the number of installations and the installed power in 2009 has been more than twice that of 2008 (respectively +118% and +149%), [10] . The present paper deals with the PV solar potential assessment over the Piedmont region through the evaluation of the roof surface available for grid connected building-integrated PV installations (BIPV). For the sake of clearness, we remind that the term BIPV generally refers to either roofs and façades, in the paper we use it to refer to roof-top integrated PV systems only. The work is organized as follows: the general outlines of the methodology are first presented. Subsequently, the procedure for the assessment is discussed in detail together with the various data processing. The results are presented progressively: from the municipal to the regional scale. Different scenarios for the solar energy exploitation are presented together with their confidence interval and finally, the conclusions on the present work are drawn and perspective developments of the methodology are proposed.
Methodology
The assessment of the photovoltaic solar energy potential requires the evaluation of the physical potential (useful solar radiation), geographical potential (roof surface available) and technical potential (PV system efficiency). The estimated theoretical PV potential is achieved proceeding through a hierarchical assessment methodology ( Fig. 2) . Generally, in large scale analysis like this, a certain level of approximation has always to be accepted, thus the effort is to be done to contain the errors as much as possible, in order to achieve reliable results. The evaluation of the various potentials requires to take into account a wide range of different parameters. In the present study, it has been decided to counter the risk of misleading results evaluating different scenarios for each uncertainty, in a sort of parametrical study. The initial stage of the analysis, corre- Figure 2 : Scheme of the hierarchical methodology: the assessment foresees the estimation of the physical, geographical and technical potential (energy exploitation). The theoretical PV potential is achieved aggregating the data obtained through the various levels.
sponding to the collection of the various data is of fundamental importance as the accuracy of the final results depends in great measure on the precision of the original data (as well as on the accuracy of the analysis and on the number of affecting parameters taken into account). A review of the available data necessary for the analysis has allowed an overview on the maximum precision achievable and on the sources of the various data types. As regards the solar radiation data, it has been decided to refer to the maps provided by the Joint Research Centre of the European Commission, [17] (freely available for public use). The geographical and cadastral analysis relys on the Numerical Technical Regional Map of Piedmont CTRN (Carta Tecnica Regionale Numerica). The update of the sections of the map is different over the region, the newest (current) version presents updates from 1991 to 2005, but this is actually the most precise territorial data available and suitable for a large scale processing. For the sake of clarity, it has to be told that in Italy, all the cadastral data are held at the municipal level by the local cadastres. There have not been unification of the cadastral data at higher level until now and furthermore, all the data have not been computerized yet. There are nevertheless some projects, currently ongoing, aiming to digitalize and associate the cadastral data to the numerical maps. Such a document would allow the possibility to have all the cadastral informations associated to the entities present in the numerical maps (i.e. height of buildings, number of resident persons per building, etc.). All the analysis on the maps are performed in a commer-cial GIS software, ESRI ArcGIS 9.3. The data is successively exported for the processing, which has been performed in MATLAB.
Solar radiation data
The solar radiation maps for Europe are freely available on the website of the Joint Research Centre (JRC) of the European Commission, [17] . The solar radiation database has been developed from the climatologic data available in the European Solar Radiation Atlas, ESRA (ESRA website [16] ), homogenized for Europe. The algorithm used to build the database, accounts for beam, diffuse and reflected components of solar irradiation. Basically, the irradiation is computed by integration of the irradiance values measured at imposed time intervals during the day. On the website it is also possible to interrogate an interactive tool, the Photovoltaic Geographical Information System (PVGIS), and to obtain the solar radiation (kWh/m 2 ) and the photovoltaic electricity potential (kWh) in a certain location (and for an assigned installed peak power), calculated on the basis of the desired parameters (i.e. module technology, mounting options, tracking options, etc.). The utility provides daily and monthly mean values and the yearly sum. The database has already been used to analyse regional and national solar energy resource and to assess the photovoltaic (PV) potential in European Union member states (MarcelŠúri et al., [14] ). For the purpose of the present study, in order to obtain the solar radiation data at the municipal detail, the raster maps are the most suitable tool. Among the available maps on the website, the following are taken into account in the present paper: • yearly sum of global irradiation on optimallyinclined surface (kWh/m 2 );
• optimum inclination angle of equator-facing PV modules to maximise yearly energy yields ( • ).
The raster maps are in format ESRI ascii grid, and the original map projection is geographic, ellipsoid WGS84. The rasters cover the extent within the following bounds: North 72 • N, South 32 • 30' N, West 27 • W, East 45 • E. Each map consists of 474 rows and 864 columns, for a total of 409536 cells. The grid cell size has a resolution of 5 arc-minutes (corresponding to 0.083333 • ), obtained aggregating the original data with 1 km resolution. All the raster maps have been vectorized, overlayed to the Piedmont numerical map and clipped by the regional borders ( Fig. 3 ). Each data layer (solar radiation and optimum inclination angles) has been joined to the Piedmont vector map assigning to each municipality the corresponding property. Particularly, the interpolated value of the pixels within the municipality is taken.
Territorial analysis
The CTRN of the Piedmont Region is a vector map (VMAP), consisting of 70 "sheets" in scale 1:50000 ob- tained from the digitalization of the original CTR paper map and geo-referenced in WGS84/UTM (ellipsoid/projection type). Each sheet is divided into 16 "sections" in scale 1:10000, for a total of 1120 sections. The sections are distributed in the form of compressed archives, for a total data size of 21 GB ca. (subdivided in 45 CD-roms). The formats available are: e00 format, an ESRI proprietary format to be used by means of GIS sofware, dxf format for AutoDesk, ESRI shape3D (this last only for the Dora river basin, until now). In the present work the e00 format is used. All the 3191 e00 files have been filtered and extracted from the CDroms for the processing, the actual size of the compressed data is 9.6 GB ca. All files have been extracted to coverages. The coverage is a file containing multiple sub-files for points, lines and polygons. The sub-files have been filtered and, for our purpose, only those containing polygons have been selected. These files have then been converted to the most common shp file-type. This latter format, the shapefile is a meta-data format, which is able to store multiple informations for the same object. It is organized into geometries, which are georeferenced polygons called entities. Each entity corresponds to an object, such as buildings, roads, rivers, etc. Each polygon stores a certain quantity of available informations, as for example its area and perimeter or its intended use. The storage of informations is achieved by means of at least three interconnected files (in this case there is a fourth optional file):
• shp file, geometries;
• shx file, indexes of the geometries;
• dbf file, attribute database;
• prj file, reference system (optional).
The shp files have then been merged and organized in a file geodatabase, a new ESRI compressed database format for large scale analysis. The data size at this point is 4 GB ca. Now it is possible to work and perform the analysis on the shapefiles of the entire region. The map can be directly interrogated and several studies can be performed. It is possible to filter or select entities by attributes or intended use, for instance. The strategy of the present study is to assess the roof surface area available for intallations per municipality. The municipality is indeed considered the smallest unity for the analysis. In order to associate each polygon to its administrative domain, a new shapefile containing the polygons representing the administrative limits of the municipalities has been layed upon the Regional map (obviously according to the same geo-referenced coordinate system and projections). In this way it has been possible to associate each entity of the CTRN to the municipality it belongs to. The association has been performed on the basis of the spatial location of the polygons. The criteria foresees that a polygon is associated to the relative municipality only if it falls completely inside. If a polygon falls in more than one administrative limit, the polygon is associated to the first municipality encountered by the algorithm. Another possible criteria could have been to associate a polygon to the municipality where the most of the area falls into. In both cases an error occurs, because it should be kept in mind that:
• the shape of the polygons representing the administrative limits is slightly simplified;
• an ambiguous building (falling on the administrative limit), in the reality, is not necessarily assigned to a certain municipality only on the basis of its spatial location;
• the obtained data cannot be verified, as neither the local administrations nor the cadastre, systematically provide this kind of informations.
The entity of the error due to the association algorithm will be discussed in the section dedicated to the methodologic uncertainties. After the association of the polygons to the municipalities, the entities have been filtered to calculate the number of residential and industrial buildings per municipality and the total roof surface area available. For the sake of clarity, a brief clarification on the use of the term "building" is mandatory: in the paper this term refers to a polygon characterized by a certain intended use (i.e. single or groups of adjacent residential or industrial structures).
Residential and industrial roofing
The total roof surface area computed in the previous section, relys on the complete cartographical dataset of the entire region, namely it can be assumed to be errorless. The evaluation of its effective available share however, requires the introduction of empirically found cutting coefficients. The lack of informations on the roofing properties indeed, imposes the assumption of a representative roofing typology and its empirical analysis based on the visual inspection of Google Earth™ images. In the following paragraphs the residential and industrial roofings are treated separately.
Residential
In Italy, especially in the north, the most employed roof typology is the double-pitched (in the southern regions flat roofs are also common). Here we assume that the representative residential roofing typology over the Piedmont Region is double-pitched ( Fig. 5(a) ). The slope of the pitch is usually calculated according to the maximum theoretical snow-load (besides the roofing material). The slope of the roofs is indeed steeper in the mountains. In Piedmont the slope of the pitches can be assumed to range between 30 and 45% (17 to 24 • ca.). This consideration allow to calculate the effective roof surface area. It should indeed be noticed that the building areas extrapolated from the CTRN are the 2D projections of the real roof surface. These areas are hence supposed to be corrected by their own slope. We assume a characteristic inclination angle for residential roofing of 20 • (θ res = 20 • ), and correct the area by a cos(θ res ) factor. In the present paper it has been also decided to consider the installation of the modules only on one of the two pitches of each roof (typically the best exposed to the sunlight), which is the most common solution adopted. This consideration leads to decrease the roof surface available per building of 50% (roof-type coefficient C RT = 0.5). Furthermore the roof surface available for installations has been considered to be 70% of the total pitch, considering the space already occupied by chimneys, aerials or windows (corrective feature coefficient C F = 0.7). Precautionary we consider also that a 10% of the roof surface may not be available because already occupied by solar-thermal systems (corrective solar-thermal coefficient C S T = 0.9). Another mandatory consideration on the roof area exploitation involves the reciprocal shadowing of the PV module series. In order to avoid the undesirable reciprocal shadowing, a sufficient gap must be provided among the panels. In order to take into account these gaps, we introduce the covering index coefficient C COV = 0.45, which represent the ratio of module surface divided by the total roof surface available (Lorenzo et al., [15] ). The last consideration to be done on the roof surface availability concerns the shadowing produced by other buildings or by the roof itself. The computation of this coefficient would require a 3D city model, namely at least the height of buildings. Despite some projects, currently ongoing, aim to construct such a model for the Piedmont region, at today this kind of data is not available. Having no other informations about the reciprocal shadowing of buildings, we assume for this coefficient the value found by Izquierdo et al., [6] , for our representative building typology (RBT), which is 0.46 (shadowing coefficient C S H = 0.46). Considering all the above coefficients, their product yields the total corrective coefficient C T OT (Tab. 1). The roof surface available is finally calculated by the following equation (1):
Industrial
The industrial roofing is generally different from that of residential buildings. Despite the roof surface available can still be evaluated by means of equation (1), the different typology impose different values of the corrective coefficients and inclination angle. In particular, we consider that the most common roof typology for industrial applications is the pitched-roofing ( Fig. 5(a) ), which is perfectly suitable for integrated PV installations. The roof-type coefficient C RT is in this case as-sumed to be 0.75 (considering a 25% of the roof without sheds), the feature coefficient C F equal to 0.9 (for chimneys or HVAC systems) and solar-thermal coefficient C S T = 1 (generally industrial roofing is not used for solar-thermal systems). The characteristic shed inclination angle is assumed to be 30 • (θ ind = 30 • ). The integrated system should again be installed by means of proper supports to achieve the optimal tilt angle. The covering index coefficient is equal to 0.45, considering the module series on a single shed and the shadowing coefficient is equal to 1, as industrial buildings are generally isolated. A summary of the parameters used in eq.
(1) for the residential and industrial roofing is reported in Tab. (1) . , the maximum is Torino with 6982 inhab/km 2 (cut-off point of the x axis at 1100 inhab/km 2 ). It is noticeable the strong dispersion of the population. This is mostly due to the scarcely populated montain regions.
Population
All the data concerning the population have been taken on the website of the National Institute for Statistics IS-TAT, [18] . Particularly the list of all the Italian municipalities is freely available on the website [19] . The data-sheet provides informations on each municipality: name, ISTAT code, number of resident population and the province each municipality belongs to. The Piedmont Region (total population of 4432571 inhabitants) is divided into 1206 municipalities, organized in 8 provinces: Torino (TO), Vercelli (VC), Novara (NO), Cuneo (CN), Asti (AT), Alessandria (AL), Verbano-Cusio-Ossola (VB) and Biella (BI). A first interesting consideration on the population distribution can be drawn: 50% ca. of the total number of municipalities counts less than 1000 inhabitants. The municipalities with more than 50000 inhabitants are only 8, and 1 over 150000 (Torino, with 910000 inhabitants ca.). The mean population density is 158 inhabitants per km 2 , the maximum belongs to Torino, with 6982 inhabitants per km 2 . It is noticeable that the Piedmont region is characterized by a very high concentration of the population in the main cities (Torino by far over the others). The region presents a strong dispersion of population outside the main cities. This disparity is mostly due to a high number of municipalities located in the mountain region of the Alps which are scarcely populated. Fig.  6 show the histogram and fitted exponential distribution of the population density over the region. For the sake of clarity, we briefly remind the definition of the pdf (probability density function) of an exponential distribution for a sample x (eq. 2):
Energy conversion
At today, the most employed low concentrated PV module technologies are essentially three: mono-crystalline (single-crystalline), poly-crystalline (multi-crystalline) silicon and thin film (amorphous silicon). The monocrystalline silicon is the oldest and more expensive production technique, but it is actually the most efficient sunlight conversion technology available. The polycrystalline has a slightly lower conversion efficiency compared to the mono-crystalline, but the manifacturing costs are also lower. The thin film is obtained by vaporization and deposition of the silicon on glass or stainless steel. The production cost of this last technology is lower than any other method, but the conversion efficiency is also low. Generally the PV module manifacturers provide the nominal peak power at Standard Test Conditions (STC), which means at 1000 W/m 2 solar irradiance, a module temperature of 25 • C (T mod = 25 • C) and with an air mass 1.5 (AM1.5) 2 spectrum. At today, the PV module market is extremely dynamic, there is a wide range of technologies (continuously changing) and a multiplicity of declared efficiencies by manifacturers for the various module typologies. For the purpose of the present study, it has been decided to assume the following representative values: mono-crystalline η MC = 15%, poly-crystalline η PC = 12% and thin film η T F = 6%. It is well known that the efficiency depends on several factors, such as operating temperature and irradiance. The module temperature in turn should be evaluated considering the ambient temperature, eventual cooling effect of the wind, etc. The evaluation of PV module losses (in no STC) is currently subject of great interest by the technical community, several papers are based this (i.e. E. Skoplaki, J.A. Palyvos [20] , T. Huld et al. [21] ). The performance of the modules, moreover, undergoes a decrease during the operating years (A.J. Carr, T.L. Pryor [22] ).
In the present paper we neglect the efficiency worsening along the module lifetime and assume the losses due to temperature variations and irradiance to be 10% (η T H = 0.9) for all the module technologies. As regards the conversion efficiency, two further important parameters must be taken into account: the module installation angles. If we assume that, given the slope of the pitched-roof, the fixed installation is realized so that the best inclination angle, or tilt angle (angle of inclination of the array from horizontal, 0 • = horizontal, 90 • = vertical, Fig. 5(b) ) is achieved (by means of apposite supports), the solar radiation exploitation is maximized. It should be reminded that an increased tilt will favour the power output in the winter months, which is often desired for solar water heating instead, and a decreased tilt will favor power output in summer months. The optimal installation angle is a mean value, calculated to maximize the yearly energy yield. Another key factor to take into account in order to get the highest energy production from a photovoltaic system within a set geographic area has to do with maximizing the exposure to direct sunlight. It is necessary to avoid shade and expose the modules towards the sun, therefore realizing the module installation according to the best azimuth angle (angle of the panel with respect to the south, 0 • = South, Fig. 5(b) ). Considering fixed mounted, integrated PV systems, the installation azimuth should be that of the longitudinal roof axis, which is randomly different from the best (towards the south). In order to evaluate the losses due to the incorrect azimuth angle of the installation, the roof axes should be known. The territorial/cadastral data available at today, do not provide this kind of information. In order to overcome the problem, a corrective coefficient has been introduced, the azimuthal efficiency, η AZ . For the given tilt angle, the value of this coefficient varies from 1 for south-facing PV modules to 0.9 for azimuth angles ranging between ± 90 • (UNI 10349, [23] ), namely we assume for this coefficient a value of 0.9 (η AZ = 0.9). Besides all the above mentioned losses, other accessory losses must be taken into account for grid-connected PV systems. Hereby we consider the accessory losses as follows: 3% due to The PV potential Π is finally calculated by means of the following equation (3):
The distribution of the PV module typologies over the Region has been evaluated on the basis of the statistical data of 2009, [10] . The first possible scenario is to consider that in 2010, the total number of available roof surface area would be exploited by different module technology according to the statistical trend of 2009 ( Fig. 1(b) ). Two alternative scenarios are presented: the cases in which the energy would be exploited by means of the modules with the highest and lowest efficiency.
• scenario A, different module technologies;
• scenario B, mono-crystalline only;
• scenario C, thin-film only.
Electrical energy demand
The electrical energy demand has been evaluated by means of the public statistical data of 2009 available on the distributor website, [9] . The maximum level of resolution of the available data is the provincial detail. In 2009 the total net electrical energy consumption, that is excluding the electricity used for railway transports, has been of 24560.3 GWh for the whole region, namely 5532 kWh per inhabitant ca. The losses have been of 1293 GWh increasing the total energy demand to 25853.3 GWh. Torino (TO) is by far the province with the highest consumption (10500 GWh), it required more than twice the energy needed by the second province with the highest consumption, which is Cuneo (CN) with 4403.5 GWh (Fig. 7) . In 2009, the total net production of the entire region has been 24399. 7 GWh, of which 66 % ca. from thermoelectric sources, 33.7 % ca. from hydroelectric and a negligible part from photovoltaic (0.2 % ca.) and eolic (0.07 % ca.) sources.
Results
The analysis has been carried out according to a hierarchical procedure, proceeding from the smallest unity (municipality) towards the regional scale. The presentation of the results follows the same order in the paper.
Municipal level
The large amount of data of the municipal detail, does not allow the presentation of the results achieved for the whole 1206 municipalities. The population has been thus divided into classes, according to seven quantiles (Tab. 3). It has been decided to report the numerical results for class 4 (number of inhabitants greater than 5000), which include 134 municipalities and describes 70% ca. of the population. Attached to the present work, the table in Appendix (Tab. 5) reports the numerical results achieved for the municipalities of this last class. The analysis has been nevertheless carried out on all 1206 municipalities. The total number of industrial and residential buildings per municipality has been calculated, together with the relative available roof surface area (eq. 1). An example of the residential and industrial roof surface distribution achieved is reported for the municipality of Torino in Fig. 8 (a) and 8(b) respectively. At this level, the results achieved on the PV potential are reported only for the exploitation scenario A (roof surface available divided in each municipality as follows: 35% mono-crystalline, 57% poly-crystalline and 8% thin film modules). The PV potential has been calculated for the residential only and industrial roofing only (eq. 1, 3), the total potential has then been achieved (Tab. 5 for municipalities of class 4, Fig. 9 for an overview of the whole region). The yearly sum of the global solar radiation over the region ranges between 1796 and 1434 kWh/m 2 year, with a mean value of 1560 kWh/m 2 year. It should be reminded that these values have been calculated assuming all the PV modules installed at the optimal inclination angle. For Piedmont, the mean optimal installation angle is 37 • ca. (ranging between 35 and 40 • ). Despite the highest values of solar radiation are located on the mountain regions ( Fig. 3) , the low building density and thus the paucity of available roof surface area for installations, do not allow a full exploitation of the highest solar potential as shown in the next paragraph, Provincial level.
Provincial level
The results reported in this section are the aggregated of the municipal detail. The results achieved at the provincial level are reported in Tab. 4. The table is organized in sections and reports: general results for each province (population and number of municipalities), the results on the available residential and industrial roofing and the numerical results achieved for exploitation scenario Despite Cuneo is the province with the highest mean solar radiation, the highest PV potential belongs to Torino (TO) (followed by Cuneo (CN) and Alessandria (AL)), because of the larger roof surface available. The employment of the industrial roof surface area accounts respectively for 61% (TO), 46% (CN) and 47% (AL) ca. of the total PV potential of the province. The exploitation scenario A is then compared with scenario B and C for each province (Fig. 10 ). Scenario B corresponds to energy exploitation by means of mono-crystalline modules only (highest efficiency, most expensive technology), an thus to the highest PV potential. Scenario C for thin film modules only (cheapest technology but lowest efficiency), and thus to the lowest PV potential.
Comparing the PV potential for the three scenarios with the yearly electrical energy consumption shows that, despite none of the provinces would be able to sulf-sustain its local demand, the distributed PV energy production would cover a non-trivial share of the demand (between 20 and 40%). In particular, the province that would better benefit of the installations is Asti (AT), whose ratio of potential to the local consumption reaches nearly 50% (for the best exploitation scenario B) ( Fig. 11 ).
Regional level
In this paragraph the aggregated results of the previous levels are reported. Over the entire region, the residential roof surface available for installations is 19 km 2 ca. and the industrial 24 km 2 ca., for a total of 43 km 2 ca. of roof top surface area suitable for BIPV installations. It is interesting to highlight that the industrial roofing accounts for a 56% ca. of the total roof surface available. Considering the total roof surface, the total PV potential achieved for scenario A is 5. 
Confidence level
A systematical analysis over large-scale territories like this, is always affected by a certain level of uncertainty. Particularly, the accuracy of the final results strongly depends on the quality of the input data. The first uncertainty to consider is that the CTRN of the Piedmont region consists of various differently updated sections. The newest version presents updates from 1991 to 2005. The newly-built buildings, for instance, are not present. The actual version of the CTRN is nevertheless the most precise document available and suitable for a large scale analysis. Despite this, it should be noticed that the roof surface computation is not based on samples, but on the whole cartographic database of the region. The extrapolated roof surface can be thus assumed to be errorless. The error due to the association building/municipality discussed in paragraph 2.2 Territorial analysis instead, has been estimated considering the municipality with the highest and lowest number of total buildings (respectively Torino and Claviere). Excluding the ambiguous buildings (falling on the administrative limit), thus associating to the relative municipality only the buildings falling completely within the administrative limits, gives a maximum relative error of 1.7%. The evaluation of the roof surface available, directly depends on the values assumed for the corrective coefficients (eq. 1), thus the variation of the coefficients affects directly the resulting PV potential. One may object on the arbitrariness of the empirical coefficients, however this approach represent a first tentative to address the lack of detailed informations on the roofing characteristics. The authors are currently working on an innovative methodology to eliminate the arbitrariness of this part of the methodology. The novel approach, based on the systematical image processing of ortho-images, will integrate the present methodology and refine the computation of the coefficients. The PV potential has been calculated assuming a mean solar radiation value in each municipality. Considering to assume the maximum and minimum value instead, yields a confidence level of ± 1% on the PV potential. The yearly PV energy yield per square meter of installation obtained (ranging between 65 and 161 kWh/m 2 year) is consistent with the results obtained by a similar work for Spain (Izquierdo et al., [6] ).
Conclusions and developments
In the present paper, a methodology for the PV solar energy potential assessment has been presented. The hierarchical procedure proposed is accomplished through the evaluation of the useful global solar radiation, the roof surface available for roof-top integrated PV systems and their relative performances. Basically the procedure requires easy and freely accessible data, as solar radiation maps (database for Europe, [17] ), statistical data on population and energy consumption and GIS data of the area object of study. It is indeed reproducible for other regions or countries at different scale (obviously depending on the computational resources available). In the present work the methodology has been applied to the Piedmont Region (North-Western Italy). Different exploitation scenarios have been presented and it has been shown that, by means of roof-top integrated PV systems, the solar energy potential over the region may reach 6.9 TWh/year (according to the best exploitation scenario). It is interesting to denote that in 2009 the total net electrical energy consumption of the region has been of 24.5 TWh ca. (national net consumption of 300 TWh ca.) [9] . The presented methodology has been here applied for the PV solar energy potential assessment, but it can be easily applied for the solar-thermal potential assessment. For example, an interesting analysis could be the evaluation of the combined installation of PV and solar thermal systems, to achieve a totally green strategy in the distributed solar energy exploitation (see for instance Izquierdo et al., [24] ), or for Solar Hydro-Electric systems (Glasnovic and Margeta, [25] ). 
